UDP-sugar pyrophosphorylase catalyzes the conversion of various monosaccharide 1-phosphates to the respective UDP-sugars in the salvage pathway. Using the genomic database, we cloned a putative gene for UDP-sugar pyrophosphorylase from Arabidopsis. Although relatively stronger expression was detected in the vascular tissue of leaves and the pollen, AtUSP is expressed in most cell types of Arabidopsis, indicating a housekeeping function in nucleotide sugar metabolism. Recombinant AtUSP expressed in Escherichia coli exhibited broad specificity toward monosaccharide 1-phosphates, resulting in the formation of various UDPsugars such as UDP-glucose, -galactose, -glucuronic acid, -xylose and -L-arabinose. A loss-of-function mutation in the AtUSP gene caused by T-DNA insertion completely abolished male fertility. These results indicate that AtUSP functions as a UDP-sugar pyrophosphorylase in the salvage pathway, and that the generation of UDP-sugars from monosaccharide 1-phosphates catalyzed by AtUSP is essential for pollen development in Arabidopsis.
Biosynthesis of UDP-sugars occurs through both de novo and salvage pathways in higher plants. In the de novo pathway, UDP-sugars are synthesized by sequential conversion of UDP-sugars using UDP-glucose (UDP-Glc) as the starting substrate. On the other hand, monosaccharides released from cell-wall polysaccharides, glycoproteins, and glycolipids by the action of glycosidases are incorporated into the cells and then converted to UDP-sugars or GDP-sugars via monosaccharide 1-phosphates (monosaccharide 1-Ps) in the salvage pathway. 1) Several lines of evidence indicate the importance of the biosynthesis of nucleotide sugars for the synthesis of cell-wall polysaccharides and cell-wall architectures in higher plants. The salvage system probably requires a variety of enzymes, monosaccharide kinases and nucleotide sugar pyrophosphorylases, to catalyze the generation of monosaccharide 1-Ps and subsequent conversion into corresponding nucleotide sugars, but few of these enzymes have been identified in plants. The ara1-1 mutant with a missense mutation in the L-arabinokinase (EC 2.7.1.46) gene shows a severe growth defect when grown in L-Ara-containing medium. 2, 3) Beside L-arabinokinase activity, glucuronokinase (EC 2.7.1.43) and galacuturonokinase (EC 2.7.1.44) activities have been detected in higher plants in the past, 4, 5) but these monosaccharide kinases with possible functions in the salvage pathway remain to be isolated. Recently, we identified a novel UDP-sugar pyrophosphorylase (no EC number), designated PsUSP, from pea (Pisum sativum L.) sprouts, which appeared to convert various monosaccharide 1-Ps to the respective UDPsugars using UTP as a nucleotide donor. 6, 7) The amino acid sequence of PsUSP is apparently distinct from those of known pyrophosphorylases, including UDP-Glc pyrophosphorylase (EC 2.7.7.9) and UDP-GlcNAc pyrophosphrylase (EC 2.7.7.23), but showed high similarity to genes of unknown function from Arabidopsis and rice.
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Materials and Methods
Plant materials. Arabidopsis thaliana ecotype Columbia (Col), Landsberg erecta (Ler), and Wassilewskija (WS) were used in this study. The pi mutant (pi-1; genetic background, Ler) and a T-DNA insertion line, SALK-015903 (genetic background, WS) were provided by the Nottingham Arabidopsis Stock Center (NASC, Loughborough, UK). Arabidopsis plants were grown on rockwool fibers (Nittobo, Tokyo) under continuous light at 23 C for 45 d.
cDNA isolation. The cDNA encoding Arabidopsis UDP-suagr pyrophosphorylase (AtUSP) was cloned by reverse-transcriptase-PCR (RT-PCR). Total RNA was extracted from 2-week-old seedlings of Arabidopsis. The seedlings were frozen in liquid nitrogen, homogenized with mortar and pestle, and extracted with an Isogen kit (Nippon Gene, Tokyo) according to the manufacturer's instructions. Single-strand cDNA was synthesized from approximately 2 mg of total RNA from the seedlings using a reverse-transcriptase, ReverTra Ace--(Toyobo, Osaka, Japan), and oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers. A set of specific primers, AtUSP-F-1 (5 0 -GGA-TCCATGGCTTCTACGGTTG-3 0 ) and AtUSP-R-1 (5 0 -GAGCTCTCCATTAGAAGGACA-3 0 ), was designed based on the genomic database of Arabidopsis. PCR was performed with this set of specific primers using single-strand cDNA as a template under the following conditions: 0.5 min denaturing at 94 C, 0.5 min annealing at 55 C, and 2.0 min amplification at 68 C, 35 cycles. The amplified cDNA fragment encoding the 1,845 bp-region of the AtUSP gene was subcloned into a pGEM T-Easy vector (Promega, Madison, WI), and the nucleotide sequence was confirmed with an ABI PRISM 310 genetic analyzer (Applied Biosystems, Foster City, CA).
Quantitative analysis of AtUSP mRNA. The relative amount of AtUSP mRNA was estimated by quantitative PCR. Single strand cDNA was synthesized from total RNA of tissues and organs using oligo(dT) 12-18 primer. A set of specific primers for AtUSP, AtUSP-RTP-F (5 0 -TCACATGGAAACCCAAATG-3 0 ) and AtUSP-RTP-R (5 0 -ACACTCTCCATGGTCCAACC-3 0 ), and for AC-TIN2 (ACT2), ACT2-RTP-F (5 0 -ACCTTGCTGGACG-TGACCT-3 0 ) and ACT2-RTP-R (5 0 -CACCAATCGT-GATGACTTGC-3 0 ), were designed using the Primer 3.0 program (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3 www.cgi). PCR was performed with a kit of SYBR Premix Ex Taq (Takara Bio, Ohtsu, Japan) under the following conditions: 10 s denaturing at 95 C, 30 s annealing at 60 C and 20 s amplification at 72 C, 40 cycles. The PCR product was detected with Opticon 2 (Bio-Rad, Hercules, CA), and the amount of AtUSP mRNA relative to ACT2 mRNA was calculated.
Expression of AtUSP in E. coli. The recombinant AtUSP (rAtUSP) protein was expressed in E. coli as described previously.
6) The coding region of the cloned AtUSP cDNA was excised with restriction enzymes, BamHI and SacI, and then inserted between the BamHI and SacI sites of the pET32a expression vector. The plasmid construct was introduced into the BL21(DE3) strain of E. coli (Novagen, Darmstadt, Germany). The E. coli cells were grown at 10 C, and the recombinant protein was induced by treatment with 0.5 mM isopropyl -D-thiogalactopyranoside for 20 h. The E. coli cells were harvested and lysed with 0.2% (w/v) lysozyme from chicken egg (Wako, Osaka, Japan), and then applied to a chelating Sepharose FF column (1:5 Â 6:0 cm, GE Healthcare Bio-Sciences, Tokyo). The column was washed with 50 mM Na-phosphate buffer (pH 7.2), containing 50 mM imidazole, and then the bound proteins were eluted with the same buffer containing 250 mM imidazole. The purified rAtUSP was digested with 0.1 U of thrombin (Novagen) at 20 C for 12 h in order to split off the fused protein, and then purified by chromatography on a DEAE Sepharose FF column (1:5 Â 1:0 cm, GE Healthcare). The purity of rAtUSP was determined on SDS-PAGE.
8) The concentration of protein was determined by the method of Bradford, 9) with bovine serum albumin (BSA) as the standard.
Plasmid construction and generation of transgenic plants. Full-length cDNA of AtUSP was excised from pGEM T-Easy vector and then inserted between the cauliflower mosaic virus (CaMV) 35S promoter and a nopaline synthase terminator (NOS3 0 ) of the binary vector pBI121 (Clontech, Palo Alto, CA) with restriction sites, BamHI and SacI sites of the vector, to generate plasmid construct 35S::AtUSP/pBI121. For generation of the antisense construct of AtUSP, a partial cDNA of AtUSP (anti-AtUSP, 479 bp) was amplified with a set of primers, antisense-F-1 (5 0 -GAGCTCCTGATCAGATC-GAACTG-3 0 ) and antisense-R-1 (5 0 -GGATCCATCA-GAATCGATCTTGTTGC-3 0 ), and then subcloned into a pGEM T-Easy vector, and the nucleotide sequence was confirmed. Partial cDNA was excised using BamHI and SacI restriction sites and inserted between the CaMV 35S promoter and NOS3 0 of the pBI121 vector to produce plasmid construct 35S::anti-AtUSP/pBI121. For the promoter:GUS assay, the promoter region of the AtUSP gene (2,269 bp, from À2;269 to À1 of the translation initiation codon) was amplified with a set of primers, pAtUSP-F (5 0 -AAGCTTCTGAGCTTGTTTG-CACATCG-3 0 ) and pAtUSP-R (5 0 -AGATCTGAAGA-GGCTCTTAACAAAGG-3 0 ), using as a template ge-nomic DNA of Arabidopsis extracted from 14-d-old seedlings by the method described in Murray and Thompson. 10) The amplified promoter region was subcloned into pGEM T-Easy vector, and the nucleotide sequence was confirmed. The cDNA fragment was inserted into the HindIII and BamHI sites of the pBI121 vector to give rise to a plasmid construct, pAtUSP:: GUS/pBI121. The plasmid construct was introduced by electroporation into the Agrobacterium tumefaciens EHA105 strain. The resulting bacteria were used to transform wild-type Arabidopsis (ecotype Col) by the floral dip procedure, as described by Clough and Bent.
11)
The transgenic Arabidopsis lines were selected on MS medium containing 1% (w/v) sucrose and 50 mg/l kanamycin and confirmed to be transgenic by genomic PCR.
12)
Histological analysis of -glucuronidase (GUS) activity. Histological analysis of GUS activity was carried out according to the method of Kosugi et al. 13) Tissues of transgenic Arabidopsis possessing the pAtUSP::GUS gene were fixed with 90% (v/v) acetone at À20
C for 1 h, and then washed twice with 100 mM Na-phosphate buffer (pH 7.4). To detect GUS activity, the tissues were incubated in a staining solution containing 0.5 mM 5-bromo-4-chloro-3-indolyl--D-glucuronide, 0.5 mM Kferrocyanide, 0.5 mM K-ferricyanide, and 50 mM Naphosphate buffer (pH 7.4) at 37 C for 12 h, and then treated twice with 70% (v/v) ethanol at 25 C for 12 h to obtain a clear staining image. To examine GUS activity in the pollen tubes, in vitro pollen germination was performed according to the method of Fan et al. 14) By dipping of the anthers of transgenic Arabidopsis, the pollens were transferred to agar medium containing 5 mM MES, 1 mM KCl, 10 mM CaCl 2 , 0.8 mM MgSO 4 , 1.5 mM boric acid, 16.6% (w/v) sucrose, 3.65% (w/v) sorbitol, 10 mg/ml myo-inositol, and 1% (w/v) agarose, and then incubated at 32 C overnight. GUS activity was detected by adding staining solution to the germinated pollens. The stained tissues were observed with a microscope (Eclipse E400, Nikon, Tokyo).
Enzyme assays. The activity of UDP-sugar pyrophosphorylase was determined by monitoring the formation of UDP-sugars from respective monosaccharide 1-Ps in the presence of UTP, as described previously.
6) The reaction mixture contained 50 mM 3-morpholinopropanesulfonic acid-KOH buffer (pH 7.0), 2 mM MgCl 2 , 0.01% (w/v) BSA, 1 mM monosaccharide 1-P, 1 mM UTP, and enzyme in a final volume of 0.1 ml. After incubation at 35 C for the appropriate reaction time, the reaction was terminated by dipping the mixture in a boiling water bath for 2 min, and the reaction products were determined with a high performance liquid chromatography (HPLC) system with a Shimadzu LC-10AD equipped with a CarboPac PA-1 column (4 Â 250 mm, Dionex, Osaka, Japan) according to the method described by Pauly et al. 15) The column was eluted with 50 mM Na-acetate for the initial 2 min, followed by a linear gradient (50-1000 mM, 2-40 min) and an isocratic elution (1,000 mM, 40-46 min) at a flow rate of 1 ml per min at 35 C. The reaction products were monitored by absorbance at 262 nm and the amount of UDP-sugar produced was estimated from the peak area based on the curve of UDP-Glc as the calibration standard. One unit of enzyme activity was defined as the amount capable of producing 1 mmol of UDP-sugar from the respective monosaccharide 1-Ps per min. A crude enzyme fraction was prepared from transgenic Arabidopsis plants grown for 35 d as described previously.
6) Aerial parts of transgenic plants were homogenized with mortar and pestle using 100 mM potassium phosphate buffer (pH 6.9), 1 mM dithiothreitol, and 1 mM EDTA. The homogenate was centrifuged at 1,500 g for 15 min to remove cell debris, and fractionated with crystalline ammonium sulfate. Proteins precipitated between 40 and 70% saturation with ammonium sulfate were collected by centrifugation at 12,000 g for 30 min, dissolved in a small volume of 20 mM potassium phosphate buffer (pH 6.9), containing 0.5 mM dithiothreitol, and dialyzed overnight against the buffer. After removal of insoluble materials by centrifugation, the enzyme preparation was used as the crude enzyme fraction.
Determination of genotype of AtUSP gene. The genotype of the AtUSP gene was determined by genomic PCR using specific primers. A partial fragment (421 bp) of a wild-type AtUSP gene including the region corresponding to the T-DNA insertion site of usp-2 was amplified with a set of specific primers, gAtUSP-F-1 (5 0 -CCCAGCTCTTCACAGTAACCTCGG-3 0 ) and gAtUSP-R-1 (5 0 -CAGCGAGAAGCTCTTTCGCAGTC-3 0 ). The inserted T-DNA was detected in the genome by amplifying a genomic DNA fragment (209 bp) with a set of specific primers, LBb1 (5 0 -GCGTGGACCGCTTG-CTGCAACT-3 0 ) and gAtUSP-R-1. PCR was performed under the following conditions: 0.5 min denaturing at 94 C, 0.5 min annealing at 65 C, and 2.0 min amplification at 72 C, 35 cycles.
Results
Isolation of cDNA for UDP-sugar pyrophosphorylase and heterologous expression in E. coli
In our previous study on a UDP-sugar pyrophosphorylase from pea, PsUSP, we noticed that an open reading frame (ORF) of At5g52560 of Arabidopsis appeared to be highly similar (77% identical) to PsUSP. 6) We isolated the gene, designated AtUSP, by reverse RT-PCR using a set of specific primers. Based on a comparison of the cDNA sequence determined and the genomic database of Arabidopsis (TAIR, http://www. arabidopsis.org/index.jsp), the ORF of the AtUSP gene appeared to consist of 17 exons and 16 introns, which is consistent with the computer-based annotation by the Arabidopsis Genome Initiative (AGI). AtUSP encodes 614 amino acids with a calculated molecular mass of 67,852 Da and a theoretical isoelectric point (pI) of 6.07. AtUSP possesses a putative uridine-binding motif and a pyrophosphorylase consensus motif (Fig. 1) , which are highly conserved for UDP-sugar pyrophosphorylase, UDP-Glc pyrophosphorylase, and UDP-GlcNAc pyrophosphorylase. 6, 16, 17) The entire sequence of AtUSP exhibited weak but significant similarity to UDP-Glc pyrophosphorylase and UDP-GlcNAc pyrophosphorylases, indicating that the overall protein structure of AtUSP is similar to these enzymes.
Properties of recombinant AtUSP
For the further characterization of the gene product of AtUSP, the cDNA was subcloned into an expression vector, pET32a, and introduced into E. coli strain BL21(DE3). rAtUSP accumulated as a protein fused to thioredoxin and His-tags in the E. coli, and was purified by chelating chromatography. The purified rAtUSP was digested by incubation with thrombin, and then purified on a DEAE-Sepharose FF column to remove the fused thioredoxin and His-tags at the N-terminus. rAtUSP appeared as a single band with molecular mass of 70 kDa (Fig. 2) . The properties of the purified recombinant enzyme were examined in the reaction forming UDP-Glc using Glc 1-P as a glycosyl donor and UTP as a nucleotide donor (in this study the reaction generating UDP-sugar from monosaccharide 1-P and UTP was defined as the forward reaction). rAtUSP failed to catalyze the formation of UDP-Glc in the absence of 
Mg
2þ or Mn 2þ , indicating a requirement of divalent cations for activity. The maximum activity of rAtUSP to form UDP-Glc was observed at pH 7.0, and it showed more than 60% of maximal enzyme activity between pH 6.0 and 8.0. The optimum temperature for enzyme action was 45 C, and enzyme activity was completely lost at 55 C. Consistently with the other nucleotide sugar pyrophosphorylases, rAtUSP catalyzed the reverse reaction (pyrophospholysis), in which PPi and UDPsugars are converted into monosaccharide 1-Ps and UTP. These properties are similar to those of PsUSP, the native enzyme purified from pea sprouts. 6) Recently, Litterer et al. also identified AtUSP in Arabidopsis, and reported the properties of rAtUSP expressed in E. coli. 18) Although the optimum pH (7.0) for rAtUSP was somewhat different from that (7.5-8.5) reported by Litterer et al., the enzymatic properties, such as optimum temperature (45 C) and, the requirement of divalent cations, were identical to their results.
18)
Substrate specificity of rAtUSP Using various monosaccharide 1-Ps as glycosyl donors and UTP as a nucleotide donor, the substrate specificity of rAtUSP toward monosaccharide 1-Ps was determined. The enzyme catalyzed the formation of UDP-Glc, UDP-Gal, UDP-glucuronic acid (UDP-GlcA), UDP-L-Ara, and UDP-Xyl from the respective monosaccharide 1-Ps and UTP, exhibiting broad substrate specificity toward monosaccharide 1-Ps (Table 1) , as was observed for PsUSP. GlcNAc 1-P was a very poor substrate for rAtUSP, and rAtUSP failed to utilize Lfucose 1-P (L-Fuc 1-P) and Man 1-P as glycosyl donors in the reaction. Litterer et al. have reported that L-Fuc 1-P and Man 1-P serve as poor substrates for rAtUSP. 18) The discrepancy in the results for substrate specificity might be due to the difference in the method of determining enzyme activity: i.e., Litterer et al. method, 18) while in this study we used an HPLC system to measure the amount of UDP-sugars formed as the enzyme product. Except for the weak activity toward LAra 1-P as compared with that of PsUSP, the substrate specificity of rAtUSP was very similar to that of PsUSP. The effects of substrate concentration on the activity of the purified enzyme were examined both in the forward and the reverse reactions with varying concentrations of the respective substrates. In Table 1 , the resulting K m and k cat values and catalytic efficiencies (k cat =K m ) are listed. The K m values of the enzyme for Glc 1-P, Gal 1-P, Xyl 1-P, and L-Ara 1-P are similar to or comparable to those of PsUSP; however, the K m value for GlcA 1-P (0.09 mM) was apparently smaller than that (0.48 mM) for PsUSP. 6 ) A low K m value for GlcA 1-P (0.13 mM) has been also reported by Litterer et al.
18) It is possible that at low concentrations of GlcA 1-P, AtUSP efficiently catalyzes the formation of UDP-GlcA in vivo and plays a role distinct from that of PsUSP in the physiological process.
Expression pattern of AtUSP in Arabidopsis
To analyze the expression pattern of AtUSP in Arabidopsis, a promoter:GUS assay was performed. A 2,269 bp-region upstream of the ATG codon of the AtUSP gene was isolated by PCR, fused with the GUS reporter gene on a binary vector, and introduced into wild-type Arabidopsis plants. AtUSP is expressed in most cell types of young seedlings (Fig. 3A-E) and flowers ( Fig. 3F) of Arabidopsis, indicating a housekeeping function of AtUSP in nucleotide sugar metabolism. Relatively high GUS expression was observed in the growing region of roots (Fig. 3D) , and in vascular tissues of cotyledons and true leaves ( Fig. 3B and C) and pollens ( Fig. 3G and H) . Quantitative analyses of AtUSP mRNA were also performed in the cotyledons, young true leaves, young roots, rosette and cauline leaves, influorescences, and flowers by quantitative PCR (Fig. 3I) . Consistently with the results obtained by promoter:GUS assay, considerable amounts of AtUSP mRNA were detected in all tissues and organs examined here, and AtUSP appeared to be expressed at relatively high level, in the flowers.
Generation of transgenic Arabidopsis plants with altered UDP-sugar pyrophosphorylase activity
To examine further whether AtUSP has UDP-sugar pyrophosphorylase activity in Arabidopsis, AtUSP cDNA was introduced by Agrobacterium-mediated transformation, and expressed under the control of the CaMV 35S promoter in Arabidopsis. The relative amount of AtUSP mRNA in the transgenic plants was measured by quantitative PCR, and the activity of UDP-L-Ara pyrophosphorylase in the crude enzyme fractions was determined using L-Ara 1-P and UTP as substrates. Among five transgenic lines (OX#1, 2, 3, 4, and 5) for which the presence of the transgene was confirmed by genomic PCR, four lines (OX#1, 2, 4, and 5) exhibited manifestly higher UDP-L-Ara pyrophosphorylase activity, ranging from 143 to 255% of the wild type, whereas one line (OX#3) showed low UDP-L-Ara pyrophosphorylase activity (21% of the wild type), possibly due to cosuppression of endogenous AtUSP (Fig. 4A) . Although the amount of AtUSP mRNA increased remarkably (Fig. 4B) in lines 1 and 4 , the enhancement of UDP-LAra pyrophosphorylase activity was not as obvious as we had expected. It is possible that the level of UDP-LAra pyrophosphorylase activity is regulated by the expression of the AtUSP gene as well as the turnover the enzyme protein. The enzymatic activity of AtUSP was also examined in AtUSP antisense plants. The antisense construct, in which partial antisense of AtUSP was designed to be expressed under the control of the CaMV 35S promoter, was introduced by Agrobacterium-mediated transformation. Integration of the transgene was confirmed in six transgenic lines (AS#1, 2, 6, 8, 15 , and 16). In two antisense lines (AS#6 and 8), expression of the AtUSP gene was apparently suppressed, and the UDP-L-Ara pyrophosphorylase activity was reduced to 25% of wild-type plant activity ( Fig. 4A and B) . These results indicate that AtUSP encodes a UDP-sugar pyrophosphorylase protein, and is responsible for most UDP-L-Ara pyrophosphorylase activity in Arabidopsis. However, neither the overexpressed nor the antisense lines showed any significant phenotype as compared with wild-type plants, suggesting that a more drastic change in the expression level of AtUSP is required to change the visible characteristics of transgenic Arabidopsis.
The usp-2 mutation completely abolishes male fertility The physiological function of the AtUSP gene was investigated using a T-DNA insertion line (SALK-015903) of Arabidopsis obtained from NASC. This mutant, designated usp-2 by Schnurr et al., 19) has a T-DNA insertion at the third exon (between Leu66 and Asn67 of the deduced amino acid sequence). Because the T-DNA insertion site was followed by both uridinebinding (from Ile247 to Leu271) and pyrophosphorylase-consensus (from Val134 to Lys148) motifs, the mutation probably abolishes the functions of the AtUSP gene completely (Fig. 1B) . We did not find any homozygous usp-2 mutant in the seeds (23 seeds) obtained from NASC. To isolate homozygous mutants, heterozygous usp-2 mutants were self-pollinated, and the genotypes of the resulting population were determined by genomic PCR. Although the resulting population was expected to segregate at ratios of 1:2:1 for USP/USP, USP/usp, and usp/usp, the observed number of plants for USP/USP, USP/usp, and usp/usp were 134, 128, and 0 respectively ( Table 2 ). This indicates that the mutation caused by the T-DNA insertion abolishes male and female fertility, or gives rise to a lethal phenotype in seed development. The segregation ratio was also examined in a cross between usp-2 heterozygous plants and the pistillata mutant (pi), which lacks anthers due to a defect in the floral homeotic gene PISTILLATA.
20)
Because pi can't self-pollinate at all, the seeds obtained from pi plants were F1 hybrids between pi and usp-2 heterozygous plants. Assuming that usp-2 heterozygous plants produce usp-2 pollens and wild-type pollens in equal proportion, the ratio of the USP genotype in the F1 hybrid between pi and usp-2 heterozygous plants was expected to be 1:1 for USP/USP and USP/usp, but all F1 hybrids (84 plants) were USP/USP (Table 2) . We conclude that male fertility is completely abolished by the usp-2 mutation, and suggest that female fertility is rarely affected by it.
Discussion
Searching the Arabidopsis genome, one encounters many genes homologous to monosaccharide kinases and nucleotide sugar pyrophosphorylases found also in mammals, yeasts, and bacteria. The genomic information strongly suggests that Arabidopsis possesses the enzymes required to establish salvage pathways for monosaccharides, but few of these enzymes have been characterized to date. 1) In the present study, a putative UDP-sugar pyrophosphorylase, AtUSP, was isolated from Arabidopsis, and the biochemical properties and in vivo expression of AtUSP were characterized. The results indicate that AtUSP functions as a UDP-sugar pyrophosphorylase in a salvage pathway, participating in the recycling of monosaccharides in Arabidopsis. Although Arabidopsis has several UDP-Glc pyrophosphorylase genes and two putative UDP-GlcNAc pyrophosphorylase genes in the genome, a BLAST search failed to find additional isoforms of UDP-sugar pyrophosphorylase in Arabidopsis, indicating that AtUSP exists as a single gene in the genome. Most UDP-L-Ara pyrophosrylase activity was lost by expression of AtUSP antisense in Arabidopsis. The results indicate that AtUSP plays a central role in the formation of UDPsugars in the salvage pathway, at least in the formation of UDP-L-Ara from L-Ara 1-P and UTP. The rice genome also has a single gene, AK064009, homologous to PsUSP and AtUSP. These facts imply that duplication of the USP gene has rarely occurred, and suggest that the USP gene appeared relatively recently as compared with other nucleotide sugar pyrophosphorylase genes such as those for UDP-Glc pyrophosphorylase and UDPGlcNAc pyrophosphorylase. Indeed, we did not find any close homologs of AtUSP or PsUSP in the human, mouse, Saccharomyces, or E. coli genomes, suggesting that USP appeared and evolved to play critical roles in the salvage of monosaccharides in plants only.
The rAtUSP expressed in E. coli exhibited properties quite similar to those of PsUSP with respect to dependence on pH and temperature and the cation requirement. Moreover, rAtUSP appeared to catalyze formation of UDP-Glc, UDP-Gal, UDP-GlcA, UDP-Xyl, and UDP-LAra from the respective monosaccharide 1-Ps and UTP, as did PsUSP, indicating that AtUSP functions in the generation of various UDP sugars in the salvage pathway in Arabidopsis. However, rAtUSP exhibited apparently high affinity (K m , 0.09 mM) toward GlcA 1-P as compared with PsUSP (K m , 0.48 mM). Recently, Litterer et al. also reported a low K m value (0.13 mM) for rAtUSP toward GlcA 1-P. 18) Although the relative enzyme activity of rAtUSP toward GlcA 1-P at a high concentration (1 mM) was not very high due to relatively low catalytic efficiency (Table 1) , it is possible that AtSUP has specific functions in the formation of UDPGlcA at low concentrations of GlcA 1-P. Since the content of GlcA in plant cell walls is relatively low compared with other sugars such as Glc, Gal, Xyl, and L-Ara, AtUSP may have adapted to act on GlcA 1-P that is converted from GlcA released from cell-wall polysaccharides in Arabidopsis.
In the promoter:GUS assay, relatively strong expression of AtUSP was observed in anthers of Arabidopsis, suggesting that AtUSP has a role in UDP-sugar metabolism in pollen development. A genome-wide analysis of male gametophytic transcriptome in Arabidopsis has revealed that pollen expresses at least 11 glycosyltransferase-like genes, of which six are specific to pollens. 21) Together with the de novo pathway, the salvage pathway involving AtUSP apperas to supply various UDP-sugars for the synthesis of cell-wall polysaccharides catalyzed by glycosyltransferases. As is the case in other tissues, several cell-wall glycosidases have been identified in pollen development. 22, 23) Monosaccharides released from cell-wall polysaccharides by glycosidases are perhaps converted to UDP-sugars by the action of several monosaccharide kinases and AtUSP, and then serve as substrates for glycosyltransferases in developing pollens. Recently, Schnurr et al. found by scanning and transmission electron microscopy that usp mutations (usp-1 and usp-2) prevent the synthesis of the pectocellulosic inner wall of pollens. 19) They observed a 1:1 segregation ratio for normal and collapsed pollen grains in the progeny of plants heterozygous for usp-1 and usp-2. The ratio of segregating population deviated from the expected 3:1 ratio, and we reached the same result (Table 2 ). Moreover, we examined the male fertility of the usp-2 heterozygous mutant by crossing it with a pi mutant that lacks anthers, and found that approximately half of pollen derived from the usp-2 heterozygous mutant lost male fertility. These results indicate a critical role of AtUSP in pollen development. The AtUSP gene also appeared to be expressed in growing pollen tubes in the promoter:GUS assays. In the case of pollination in lily (Lilium longiflorum), secretion products from pistil rich in Gal, L-Ara, and L-rhamnose are incorporated into the growing pollen tubes, then converted to cell wall polysaccharides of pollen tubes. 24, 25) Furthermore, an arabinogalactanprotein (AGP) from tobacco transmitting tissue (TTS protein) undergoes degradation of its carbohydrate moieties in pollen tubes, stimulating elongation growth of the pollen tubes. 26, 27) It is highly possible that polysaccharides supplied from pistils are degraded into monosaccharides and then converted to UDP-sugars via the respective monosaccharide 1-Ps in pollen tubes. UDP-sugars formed in pollen tubes are probably utilized in the synthesis of cell-wall polysaccharides such as callose, pectins, and AGPs catalyzed by various glycosyltransferases. 28, 29) On the other hand, we observed that AtUSP was expressed in many tissues other than pollen and pollen tube (Fig. 3) , suggesting a housekeeping function for AtUSP rather than a special function confined to the development and germination of pollen. If one assumes that monosaccharides released from cellwall polysaccharides are recycled by the concerted action of AtUSP with monosaccharide kinases, the action of AtUSP appears to be required, particularly in cell division, that is, rapid growth and development where active metabolism of cell-wall polysaccharides occurs. Consistently with this possibility, relatively high expression of AtUSP was observed in the growing regions of roots, germinating pollens, and vascular tissues (Fig. 3) .
The genome of Arabidopsis contains at least eight ORFs that encode GHMP (Galactokinase, Homoserine kinase, Mevalonate kinase, Phosphomevalonate kinase) family proteins with significant similarity to the galactokinases found in mammals, yeasts, and bacteria. 30) Although the biochemical properties of these gene products have not yet been determined, at least some of them probably catalyze the formation of monosaccharide 1-Ps in Arabidopsis. It is highly probable that AtUSP plays a central role in the salvage pathway of monosaccharides by collaborating with these GHMP family proteins. Although a GHMP family protein, galactokinase, is widely found in many organisms, including plants, the distribution of the UDP-sugar pyrophosphorylase gene is limited to higher plants as far as we know. In many organisms, including mammals, yeasts, and bacteria, Gal 1-P is converted to UDP-Gal by the action of hexose 1-phosphate uridylyltransferase (GALT, EC. 2.7.7.12) in the following reaction: UDP-Glc + -D-Gal 1-P $ -D-Glc 1-P + UDP-Gal. Arabidopsis has a GALT homolog (At5g18200), whose function might partially overlap with AtUSP in the generation of UDPhexoses. The facts suggest that AtUSP is essentially required for the supply of UDP-pentoses such as UDP-LAra rather than for the provision of UDP-hexoses in the salvage pathway. Although Litterer et al. detected weak activity of rAtUSP toward L-Fuc 1-P or Man 1-P, 18 ) the results obtained in the present study indicate that AtUSP does not utilize L-Fuc 1-P and Man 1-P as the glycosyl donor. Such a substrate specificity of AtUSP is consistent with the fact that L-Fuc and Man are activated mainly as GDP derivatives, not UDP derivatives, in higher plants. 1) It is conceivable that in higher plants, LFuc and Man are converted to the respective GDPsugars by an unknown salvage system distinct from that of mammals and yeasts. It is worth noting that Arabidopsis has a putative fucokinase (EC. 2.7.1.52) gene but lacks a homolog of GDP-L-Fuc pyrophosphorylase (EC. 2.7.7.30), which is found in mammals (BRENDA, http://www.brenda.uni-koeln.de/). A future study might try to investigate the mechanism by which the levels of monosaccaride 1-Ps and nucleotide sugars are controlled by comparing Arabidopsis with other organisms. Furthermore, it should prove interesting to try to clarify how UDP-sugars and GDP-sugars are generated separately from the respective monosaccharides in the salvage pathway in higher plants.
